A cluster-orbital shell model is applied to study the mechanism of a-cluster formation in 2°Ne. For this purpose a realistic effective interaction between the valence nucleons is carefully determined and tested through the low-lying levels of the sd shell nuclei. A calculation including all the configurations up to 4nw excitation is done for the 0+ levels of 2°Ne. Three 0+ states that correspond to the states at Ex=O, 6.72 and 10.97 MeV are reproduced very well. The calculation also predicts such a state that has a large reduced a·width amplitude and can be considered the broad state at 8.7 MeV. The percentage analysis of the wave functions is done to shed light on the mechanism of a·cluster formation. § 1. Introduction
the core. The hamiltonian can th~n be put in a form which uncouples the Xi from the core coordinates f1.
J>,=l
f1.
where pi=-in a/i),xi is the momentum conjugate to Xi, and f1.= m//(f+ 1). The core hamiltonian, He, is dependent only on the internal coordinates of the core nucleons. The single-particle potential, Ui, is approximated by an effective single~particle potential which is independent of the internal coordinates of the core nucleons. The COSM has an advantage that the formalism is completely free from any spurious center-of-mass motion regardless of the excitations carried by the valence nucleons since the valence nucleon coordinates Xi are relative motion coordinates. This property is desirable because configuration space needed to describe a-clustering requires specific excitations of the valence nucleons.
Anticipating that a careful treatment of the wave functions of the valence nucleon motions relative to the 16 0 core and a realistic treatment of the interaction among these nucleons should be able to throw light on the mechanism for a-clusterization in the nuclear surface region, a detailed study of the 16 0 + nucleon system was done in I using the resonating group method(RGM) in order to determine the realistic potential Ui. In what follows the matrix element of the single-particle hamiltonian, p 2 /2f1.+ U, is replaced with the corresponding RGM matrix element with the internal wave function of 16 
where Jl stands for the antisymmetrizer, 'Jl ('Jl') in the normalization constant, i. e.
, 'Jl =<Rnl(x)[ YI(X)x1!2Lm<J)in(I 6 0)IJl{Rnl(x)[ YI(X)x1/2Lm<J)!n(I 6 0)}>. The hamiltonian HI7
is the hamiltonian for 17-nucleon system determined in I and Eo is the calculated internal energy of 16 0. This paper is devoted to the study of appropriate two-nucleon interactions Vi; acting between the valence nucleons outside the 16 0 core and to the study of energy spectrum and reduced a-width amplitudes(RW A) of several 0+ states in 2°Ne. An. emphasis will be placed on the growth of the RW As as the configuration space for the valence nucleons. is enlarged.
In § 2 effective interactions 1-hetween the valence nucleons are determined on a basis of the Minnesota potenticiJ.1°) Low-lying energy spectra of A=18 nuclei, Z=8 isotopes and N=8 isotones are calculated to test the applicability of the interactions. The binding energy and the size of 4He are alsQ taken into consideration when we determine the interactions. The interaction determined is compared to the W interaction ll ) that is widelyus~d as an effed:iveiinteraction in sd shell-model calculations. In § 3 the energy S}ilectrum and the RWAs of the 0+ states in 2°Ne are investigated in the configJ-lration space including a maximum of 4nw excitation. A summary is given in § 4. § 2. Effective interactions
We determine an effective interaction acting between the valence nucleons. Since the valence nucleons are not restricted to move in the sd shell orbits in the present study, we need to determine the interaction in a functional form, which enables us to evaluate interaction matrix elements for arbitrary configurations. As a criterion to determine the interaction we considered it important for our purpose to reproduce reasonably well both the binding energy of 4He and low-lying energy spectra of nuclei in the neighborhood of 2°N e. The Minnesota potential was selected to be used as the central potential. The strength parameters· of the Minnesota potential were varied to fit the low-lying energy spectrum of A=18 nuclei(180, 18F, 18 N e) and the binding energy of 4He because those are important elements as the effective interaction for investigating the a-cluster formation in 2°Ne. For the spinorbit and tensor interactions the G3RS potential of TamagakP2) was used with a slight change of the strength. . Our choice of the potential parameters is listed in Table 1 . We note that although the original Minnesota potential (MNl) reproduces the binding· energy of 4He the potential was varied to increase attraction to gain better fitting of the energy spectrum of A = 18 nuclei. Two modified Minnesota potentials, MN2 and MN3, were considered. Figure 1 shows some of the energy levels of 18F with T=O(a) and l(b). In the calculation the single-particle orbits included are harmonic oscillator functions The parameter u is an adjustable parameter to determine the strength of even and odd potentials. The MN2 potential is used in this paper. The MNI is the original Minnesota potential. (a) 
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with the same oscillator constant as used in 1. It is seen that the T =1 pairing interaction is still weak compared with experiment. It is of interest to compare our effective interaction with the W interaction empirically determined from a number of experimental data of sd shell nuclei. Figure 2 compares the two-body matrix elements: (a) central, (b) spin-orbit and (c) tensor. Two types of single-particle orbits are used in the calculation of the matrix elements. One is the lowest OdS/2, Is1/2 and Od3/2.orbits(l-dim) and the other the orbits obtained by diagonalizing the single-particle hamiltonian with three harmonic oscillator functions (4) for each j-orbit(3-dim). It is seen that our effective interactions yield matrix elements very similar to those of the W interactions for each channel except for the T = 1, J = 0 matrix element of the central interaction.
To furth~r test the MN2 potential in sd shell region we display in Figs. 3 and 4 low -lying levels of Z = 8 isotopes and N = 8 isotones. The dS/2, S1/2, d3/2 orbits are constructed by diagonalizing the single-particle hamiltonianwith three (in Fig. 3 ) and four (in Fig. 4 ) lowest harmonic oscillator functions, respectively. As mentioned above, the weak pairing interaction pushes up the calculated ground state energies of, e.g., 18 0, 2°0 and 18Ne but in general a very satisfactory agreement between theory and experiment has been achieved with the MN2 interaction. Particularly the odd nuclei show better agreement with experiment. There is no data available on 21Al. A recent measuremene 6 ) by the fragmentation reaction of 36Ar has confirmed that 22Si is a bound nucleus. We have checked that high-lying jp single-particle orbits make
Exp. Present The wave function of 2°Ne is assumed to be given as a superposition of basis functions (5) where 7J denotes quantum numbers, nlj, to specify the harmonic-oscillator wave functions of the valence nucleons. Since the single-particle orbits of proton and neutron are not entirely the same as discussed in I, we' do not impose the isospin . symmetry in obtaining the wave functions of 2°Ne. Explicit antisymmetrization is· not taken into account in the calculation of the hamiltonian matrix elements except when the matrix element of type (3) is evaluated.
The a-RWA is defined by the overlap of the wave function of 2°Ne with the internal wave functions of 4He and 16 0. The inclusion of full antisymmetrization makes the calculation of the a-RW A very tedious. When we neglect the antisymmetrization between the valence nucleon and the 16 0 core nucleon in ca:Iculating the a-RWA, the a-RWA is reduced to the overlap integral of the internal wave function of 4He with the wave function of the valence part. The a-RWA, a function of the relative distance vector between 4He and 16 0, can be expanded in terms of harmonicoscillator functions. The expansion coefficients can easily be calculated by generalizing the formula of Ref. 17) to the case where the sizes of the single-particle orbits are different between 4He and 16 0. We note that it is impossible to discuss absolute values of the a-RWA because of the neglect of the antisymmetrization but possible to discuss only relative values. To simulate a-RWA that would be obtained when the antisymmetrization is explicitly taken into account/ 8H1 ) the overlap integral is multiplied by a number, 13. 9 
(=j20!/(4!16!)/5 ), in what follows.
Before we study the mechanism of a-cluster formation in 2°Ne, we examine the sensitivity of the a-RWA on the size of the internal wave function of 4He. (1) and (2) is very small. Case (3) shows a noticeable difference from cases (1) and (2). The outermost peak of the RW A of the first 0+ state in case (3) is located by about 0.5 fm further outside and has a smaller amplitude than those of cases (2) and (3). For the sake of simplicity of calculation we employ case (1) in the following.
To examine how a-RW As grow as the configuration space for four valence nucleons is enlarged, we have diagonal- ized the hamiltonian matrices according to the following steps: step (i): The configuration with jp=O and jn=O only is included. The singleparticle orbits included are the orbits (4) and IPl/2, IP3/2, 0/5/2 and 017!2 orbits. The energy spectrum is shown in Fig. 6(a) . The ~W As obtained in this calculation are displayed by dotted curves in Fig. 6(b) and compared with the RWAs (solid curves) of the full (Od,Is)4 calculation. Both the energy spectrum and the RWA are very unsatisfactory. The a-RWA of the lowest 0+ state is quite different from that expected from the SU(3) shell-modef 2 ) and the cluster-model calculations.
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In fact the dominant component of the state becomes (Isl/2)4 configuration, which is inconsistent with many shell-model calculations. These results show that the proton-neutron interaction is very important in 2°Ne and that its effect cannot be fully taken into account in the jp=O and jn=O scheme.
step (ii): The (ns, n'd)4 configuration is included with the restriction that at least one proton and one neutron are in the lowest (Is, Od) orbits. Three cases are tested according to maximum numbers of nand n' included in the calculation. Case 1 is n =1 and n'=O, case 2 is n=2 and n'=I, and case 3 is n=3 and n'=2. The energy . r (fm) Fig. 7 . Comparison of the energy spectrum (a) and the reduced a-width amplitudes (b) of the 0+ states of 2°Ne obtained as the model space is extended to include all configurations up to 2nw and 4nw excitation. The energy is measunid from the 160+ a threshold. In (b) solid, dotted and bold-solid curves correspond to the Onw, 2nw and 4nw calculations, respectively. See step (iii) in the text.
spectrum and the RW As of the first and second 0+ states are very much improved compared to step (i). The effect of the configurations with high nodes on the RW As is not very significant in the ground state. step (iii): k full calculati·on is carried out by including all the configurations up to 2nw and 4nw excitations. The energy spectrum and the RW As are displayed in Figs. 7(a) and (b), respectively. The binding energy and the spacing of the first and second 0+(6.72 MeV) states are fairly well reproduced in the 4nw calculation. The RW As of their states grow as the configuration sp'ace is enlarged. Particularly the peak and the height of the first 0+ state are strongly influenced by the excited configurations. The third 0+ state at 7.19 MeV is known to have large components of core excited configurations 23 )-2S) and correspondingly very small reduced a-width. This state is thus not describable in the present model space. The fourth 0+ state at ;:::;8.7 MeV will be discussed later. The fifth 0+ state at 10.97 MeV decays into a+ 16 0 channel with the width of 580 keV. 13 ) Since the dimensionless reduced a-width of the state becomes 0.14 at the channel radius of 6 fm, the fifth 0+ state is known to have almost the same dimensionless reduced a-width as the second 0+ state. On the contrary the sixth 0+ state is known to have very small dimensionless reduced a-width. The calculated third 0+ state is located at about right excitation energy for the 0+ state at 10.97 MeV. Although the calculated a-RWA of the state is not as large as that of the second 0+ state, we can expect from the figure that mixings of additional higher configurations will enhance the RW A further close to that of the second 0+ state. The calculated third 0+ state is thus considered to correspond to the fifth 0+ state at 10.97 MeV. To give a feeling for the resultant wave functions, the dominant terms of the three 0+ states obtained in the full 4nw calculation of step (iii) are shown: Besides the three states cliscussed above, the calculation has predicted such a state that has one more node in the a-RWA and a more pronounced peak than the first 0+ state, as shown in Fig. 8 . This state appears at the stage of the 2fulJ calculation. The excitation energy of the state is 30.0 MeV and 26.0 MeV for the 2fUlJ and 4/iw calculations, respectively. Although the excitation energy is too high to be compared to the fourth 0+ state at 8.7 MeV, the so-called higher nodal state/ 6 ) that is known to have very large reduced a-width, the calculated state is considered to be candidate of the fourth 0+ state from the behavior of its RW A. To see important components that help grow the RW As, we show in Table II the percentage analysis of the four 0+ states obtained in the full 4/iw calculation. It is noted that the configurations with twoparticle excitation such as (lsOd)2(lPO/)2 and (lsOd)2(2s1dOg)2 occupy a significant percentage in the ground and higher nodal states that have large RW As. We have found here that the excitation of proton-neutron pair is more important than that of either proton pair or neutron pair. It is also interesting to see that some of the configurations with single-particle excitation such as (lsOd)3(Og) and (lsOd)3(3s2d) have a considerable percentage in the ground and higher nodal states. On the other hand the configuration (lPO/)4 plays a minor role in the 0+ states considered. § 4. Summary
To study the mechanism of a-cluster formation near the nuclear surface, we have selected the nucleus of 2°Ne as a typical example that shows the surface a-clustering. For this purpose we needed to know the potential between the 16 0 core and the valence nucleon and the effective interaction acting between the valence nucleons outside the 16 0 core. The 160-nucleon potential was determined ih the previous paper.7) The potential between the valence nucleons has been selected through the properties of the low-lying levels of the A=18 nuclei and through the binding energy and the size of 4He. The potential has further been tested by calculating the low-lying levels of the except for the T = 1 pairing component. The cluster-orbital shell modelS) has been used to study the mechanism of a-cluster formation in 2°Ne. Two protons and two neutrons are allowed to have configurations with a maximum of 4ncv excitation. For the sake of simplicity of calculation the 0+ states have been examined. We have obtained three 0+ levels corresponding to the ground state and the two excited states at 6.72 and 10.97 MeV, and obtained for the first time in a shell-model type calculation another 0+ state that can be considered a candidate of the 8.7 MeV level with a broad a-width. The percentage analysis of the wave functions has been done to elucidate some specific configurations that contribute to the growth of a-clusterization.
It is clear that configurations with large oscillator quanta are needed to describe surface a-clusteririg. In such large shell-model calculations the cluster-orbital shell model has the advantage that it is completely free from any spurious excitation of the center-of-mass motion regardless of the excitations of the valence nucleons. The approach presented in this paper can be applied to the study of the surface aclustering in 212pO, although the inclusion of sufficient basis functions seems still beyond the present capability of computers. 
